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Abstract 
Standard carbonate looping promises low energy penalties for post-combustion CO2-capture and is particularly suited for retrofitting existing 
power plants. The heat for calcination can be provided by supplementary coal firing with oxygen leading to energy penalties and additional 
investment costs for air separation. To further increase the process efficiency, a new concept is considered where the heat for calcination is 
transferred from an external combustor to the calciner by means of heat pipes. This process modification offers even higher plant efficiencies and 
lower CO2 avoidance costs than the oxy-fired standard carbonate looping process. The concept of the indirectly heated carbonate looping process is 
tested at sufficient scale in a 300 kWth test facility at Technische Universität Darmstadt. The main focus of this paper is on the design and erection of 
the very innovative pilot plant that is currently being commissioned.  
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1. Introduction 
   One possibility for the reduction of CO2 emissions from coal combustion systems for power generation is the in-situ capture of 
CO2 with subsequent compression and storage/usage. Several different CO2 capture processes have been investigated in the 
recent past years but many of them have the disadvantage of high energy consumption that has been estimated to 8-14 % points 
of plant efficiency, significantly increasing fuel consumption and the cost of power generation [1-4]. A very promising post-
combustion CO2-capture technology is the so-called carbonate looping process. Several pilot scale test facilities are being 
operated worldwide with thousands of operating hours, the 75 kWth CANMET pilot in Ottawa [5], the 200 kWth pilot in Stuttgart 
[6], the 1 MWth test plant in Darmstadt [7] or the 1.7 MWth pilot in La Pereda [8] proved good results for CO2 capture. A 
1.9 MWth test plant is currently being erected in Taiwan [9]. In the carbonate looping process lime (CaO) reacts with CO2 from 
the flue gas in a fluidized bed reactor (carbonator) producing limestone (CaCO3). The carbonator is operated at around 650 °C.     
The CaCO3 formed hereby is transferred to the calciner, where the CO2 is released by an increase of temperature to around     
900 °C. The operation temperatures of both reactors depend on chemical equilibrium and kinetic considerations, but 650 °C for 
the carbonator and 900 °C for the calciner at ambient pressure seems to be reasonable [10]. The heat for the endothermic reaction 
is provided by an oxy-combustion of coal to not dilute the CO2 outlet stream. Although standard carbonate looping with an oxy-
fired calciner already promises many advantages compared to other CO2 capture technologies (see process description in chapter 
2), the efficiency penalty of the process may be further decreased when the need for technical oxygen in the plant can be avoided.   
Furthermore with the increasing number of operational cycles, a loss in the CO2 absorption capacity of CaO has been observed 
[11, 12], so that a certain amount of fresh limestone (make-up) is necessary. 
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   Furthermore, sulphur adversely affects the CO2 absorption capacity by forming a gypsum layer [13]. Therefore, new concepts 
without an oxy-fired calciner are developed, e.g. if the heat for the calciner could be supplied from the main combustion chamber 
via direct heat transfer through metallic walls, or heat transfer using a solid heat carrier [14]. However, large surface areas of 
high temperature resistant metals or complex inter-connections between three fluidized bed reactors, respectively, are required 
for these two options. A very promising innovative approach is based on the heat transfer from an external combustor to the 
calciner via heat pipes.  
 
Nomenclature 
SCLR  Standard Carbonate Looping Retrofit 
IHCLPHR Indirectly Heated Carbonate Looping Retrofit 
Ca  Calcium 
CL   Carbonate Looping 
CFB  Circulating Fluidized Bed 
BFB  Bubbling Fluidized Bed 
2. Process description  
   A scheme of the carbonate looping process with an externally heated calciner is shown in Fig. 2 (a). The external combustion 
chamber can be built as an air with coal-fired circulating/bubbling fluidized bed system. The bed material of the fluidized bed 
system consists of solid inventory (e.g. mainly quartz sand, mineral ash from coal etc.). Heat pipes transfer the heat from the 
combustor to the calciner. Indirect heating of fluidized beds by means of heat pipes has recently been demonstrated successfully 
with indirect gasification processes [15]. The heat pipes offer an excellent heat transfer performance based on evaporation and 
condensation of a liquid (i.e. sodium for temperatures > 800 °C) inside a closed pipe. The calciner can be operated as a fluidized 
bed system with low fluidization velocities. There will be a fluidization due to the release of gaseous CO2 as a result of the 
calcination reaction. In addition CO2 could be partly recycled from the off-gas of the calciner or low calorific steam from the 
upstream power plant can be applied to support the self-fluidization.  
 
                 
                        Fig. 1. Schematic of the standard carbonate looping process 
 
   The temperature in the external combustion chamber should be at least 1000 °C to provide a sufficient temperature difference 
towards the calciner. The CO2 contained in the flue gas of the combustor will be absorbed in the carbonator (see also Fig. 2 (a)) 
The process can be either applied as a retrofit of an existing power plant, where the combustor is solely dedicated for heat supply 
of the calciner, or as a new plant where the combustor acts primarily as a steam generator. The main advantage of the externally 
fired calciner is the avoidance of oxygen production by an air separation unit and a subsequent gain in net electrical efficiency. 
Fig. 2 (b) depicts the efficiency penalties of the standard (SCLR) and indirectly heated carbonate looping retrofit (IHCLPHR) 
dependent on the average molar sorbent conversion [16]. In the indirectly heated CL process a solid/solid heat exchanger is 
integrated, preheating to solids coming from the carbonator by means of the solids from the calciner. The calculations pointed 
out that the net electrical efficiency of a power plant with a downstream IHCLPHR is higher compared to a retrofit with a SCLR. 
The efficiency penalty of the SCLR is mainly caused by the energy demand of the oxyfuel combustion in the calciner and the first 
calcination of the make-up. For molar conversions between 15-20 %, the efficiency penalty is around 3 %-points and is 
increasing towards lower sorbent activities since the circulating solid mass flow is increased to reach the same carbonator capture 
rate. Subsequently, the required heat demand of the calciner is increased, because more sorbent has to be heated up to 900 °C and 
more make-up has to be first calcined since the make-up stream is specified constant to 1 % of the circulating solids mass flow.        
The efficiency penalty can be lowered with the IHCLPHR configuration from 3 %-points to 1.7-1.9 %-points for sorbent 
conversion rates of 15-20 %, as no technical oxygen is necessary (cf. Fig. 2 (b)). 
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Fig. 2. (a) Simplified setup of the indirectly heated carbonate looping process; (b) Efficiency penalties of the standard (SCLR) and indirectly heated carbonate 
looping retrofit with internal solid/solid heat exchange (IHCLPHR) 
 
   The main advantages of the indirectly heated carbonate looping process compared to the standard setup depicted in Fig. 1 are 
summarized as follows: 
x No air separation unit is needed to produce technical pure oxygen, which leads to lower investment costs and to a lower 
energy consumption, resulting in very low CO2 avoidance costs.  
x Fewer impurities (sulphur, ash) from a supplementary firing are brought into the Ca-loop (provided the flue gas from the 
combustor is desulfurized and dedusted), which lowers the deactivation phenomena of the sorbent, reduces the amount of 
inert mass in the loop, and hence lowers the flow of recycled solids, increasing the efficiency of the process. Furthermore, 
the extracted solids will be of higher purity and therefore be better suited for further utilization (e.g. as an agent in the flue 
gas desulphurization or cement industry). 
x An almost pure CO2 stream ready for compression and storage is obtained from the calciner, which minimizes the efforts for 
CO2 purification, thus increasing the efficiency of the process. 
x Lower CaO deactivation rates and less fragmentation of particles are expected due to “mild” calcination (< 1000 °C) 
compared to rather harsh conditions in an oxy-fired calciner (local over-temperatures of several 100 K are anticipated), so 
that less sorbent make-up flows are required, increasing the efficiency of the process. 
x Lower attrition rates are expected due to low fluidization velocity in the calciner, which limits the sorbent make-up flows, 
increasing the efficiency of the process.  
 
3. Design of the 300 kWth indirectly heated carbonate looping pilot plant 
 
   In the design case, the test rig has a thermal power of 300 kWth that is related to the flue gas entering the carbonator. For the 
first experimental investigations, synthetic flue gas is used consisting of air and CO2. In a second stage steam and SO2 will be 
added to test the effect of real flue gas. The pilot plant is built in a way that a wide range of different process parameters, 
depending on the type of limestone and flue gas parameters can be investigated. The design parameters of the test facility are 
shown in Table 1.  
Table 1: Test Facility design parameters 
Parameter Unit Carbonator Calciner Combustor 
Temperature °C 600…700 750…950 850…1050 
Fuel - propane (startup) - propane 
Thermal Power kWth 15…150 (startup) 0…190 (via heat pipes) 150…300  
Fluid preheat temperature °C 100…250 100…550 100…550 
Bed material - CaO/CaCO3 CaO/CaCO3 sand 
Solids inventory kg 30…60 350…450 500…650 
Mean particle diameter μm 200…400 200…400 500…800 
Gas velocity m/s 2.5…7 0.2…0.4 0.4…1.6 
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For the proof of concept the plant size of 300 kWth is the optimal value for the reduction of wall effects to yield reliable 
information for an up-scale of the technology compared to reasonable investment and operating costs. Fig. 3 shows the flow 
diagram for the experimental setup of the test facility with all components described in the following sections. 
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Fig. 3. Experimental setup of the 300 kWth test facility 
3.1. Fluidized bed reactor system 
The detailed engineering of the test facility is explained in the following section. The fluidized bed reactor system of the      
300 kWth test facility consists of the heat pipe heat exchanger (Fig. 4-1), containing the calciner and the combustor, the 
carbonator with its cyclone separator (Fig. 4-2), a loop seal for the coupling of the calciner with the carbonator (Fig. 4-3), a loop 
seal for the internal solid recirculation of the carbonator (Fig. 4-4) and a coupling device, a combination of a L-valve and a cone-
valve, for the coupling of the carbonator with the calciner (Fig. 4-5).  
The heat pipe heat exchanger as the core component of the reactor system is specified in section 3.2 of this paper. The main 
components for the CO2 capture are two coupled reactors, the carbonator, a circulating fluidized bed (CFB) reactor and the 
calciner, a bubbling fluidized bed (BFB) reactor.  
The carbonator has an internal diameter of 0.25 m and a height of 8 m. Calciner and Combustor have an internal length of 
1.05 m, a width of 0.3 m and a height of 2.3 m. All reactors and the loop seal between calciner and combustor are refractory lined 
with three layers, abrasion resistant concrete on the inside, lightweight refractory bricks in between and insulation bricks on the 
outside. The insulation is required in order to reduce the heat losses through the walls, minimize the surface temperatures of the 
steel casing and simulate realistic process condition of a large scale plant.  
The coupling components of the reactor system, e.g. the standpipes, the loop seal and the L-vale/cone-vale combination are 
manufactured of high temperature steel (1.4878) with expansion joints to compensate the heat expansion of the parts. The 
advantage of steel coupling components is a high flexibility for future modifications. 
The rate of the solids circulation between the reactors has a huge influence on the process parameter, e.g. make- up ratio and 
heat demand of the calciner. Hence, the design and the function of the solid circulation system will be explained below.  
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The carbonator is fluidized with synthetic flue gas. The CaO absorbs the CO2 from the flue gas and the particles are being 
entrained from the reactor. The carbonator cyclone separates the carbonated solids from the CO2 depleted flue gas and led them 
to the standpipe below the cyclone. The preferred way, by gravity, for the particles is into the coupling device to the calciner. If 
the solid flux through the calciner is less than the entrained solid flux from the carbonator the particles fall in the overflow pipe 
and are feed to the internal recirculation loop seal of the carbonator. In this way the circulation rate between the reactors is 
uncoupled from the entrained solid flux of the carbonator and a wide range of looping ratios can be adjusted. The solids coming 
from the carbonator enter the calciner on the top and pass the reactor at first in a counter-current flow direction before changing 
to a co-current flow (comparable to a loop seal) and leaving the 
reactor again on the upper side. The CO2 released in the calciner 
is separated from small entrained particles by an in-bed cyclone 
and leaves the reactor at the top. Due to the slow fluidization 
velocities the solid flux through the calciner is uniform. 
Afterwards the material is led through a refractory lined stand 
pipe to the loop which is fluidized in equilibrium state to recycle 
the particles back from the calciner to the carbonator.  
3.2. Heat pipe heat exchanger 
The heat pipe heat exchanger consists of the calciner (Fig. 5-3) 
and the combustor (Fig. 5-2) which are separated by a technically 
sealed middle wall (Fig. 5-1) and thermally interconnected by 
heat pipes (Fig. 5-4). Further components of the heat exchanger 
are two supporting walls (Fig. 5-5) and two in-bed cyclone 
separators (Fig. 5-6,7). 
The dimensions of the combustor are the same as the calciner 
dimensions described in section 3.1. Compared to the calciner the 
combustor has no inlet and outlet for solids recirculation but a 
sluice to refill bed material, an additional port for an in-bed feed 
of solid fuels and an outlet for bed ash disposal for future tests 
with solid fuels. The combustor is propane fired by two bed 
lances which are located above the four equidistant arranged 
fluidization nozzles placed on the reactor bottom. For start-up 
operation an additional lance burner can be integrated at the top 
of the reactor bed. As the calciner the combustor is divided by the 
supporting walls into two chambers with the difference that the 
wall inside of the combustor is lower.  So an internal circulation 
of the bed material occurs supporting the isothermal conditions in 
the reactor.  
The middle wall is the central element of the heat pipe heat exchanger. The wall supports the heat pipes, mechanically 
stabilizes the casing and separates the two reactors technically sealed from each other. With respect to these requirements the 
heat exchanger is built around the middle wall to easily allow modification of this part. At the current configuration the middle 
wall consists of ceramic shaped bricks (tongue and groove system) that are surrounded by an insulation concrete layer and fibre 
mats for expansion compensation. The heat pipes are integrated into the bricks and sealed by a liquid ceramic paste. However, 
the advantage of the middle wall construction is that it can be exchanged completely without bigger construction work on the 
other components required.   
To avoid a deformation of the heat pipes due to its length, the pipes are supported by additional supporting walls that are 
mounted in grooves in the middle parts of both reactors. The walls are also manufactured with ceramic shaped bricks. As the 
support of long heat pipes is also an important topic for a scale up due to the possible deformation at high temperatures, the 
design will provide insightful information. 
The heat pipes for the test rig have an outer diameter of 33.7 mm and a length of 2180 mm, with a vertical and horizontal 
pitch of 70 mm. The 72 heat pipes are in a staggered arrangement in 4 blocks each with 3 rows with 4 pipes and 2 rows with 3 
pipes in between. The heat pipes of the 300 kWth test plant consist of a metal container for the heat transfer fluid, made of a steel 
pipe with sealing plugs on both ends, a mesh structure on the inner side of the tube for the transport of the condensed fluid to the 
evaporation zone and the heat transfer fluid itself. The suitable working fluid strongly depends on the operating temperature of 
the heat pipe. In the case of the heat pipe heat exchanger this temperature lies in the range of 750-1050 °C. In this regime alkali 
metals like sodium or potassium are used as working fluids. The best choice for the calciner is sodium due to its low working 
pressure at the highest operating temperatures which reduces the stresses on the container and the lower hazard potential in 
comparison to potassium [17]. To determine the material behavior for high temperature heat pipes immersed in the bubbling 
fluidized beds of the heat exchanger, three different steels (1.4835, 1.4841 and 1.4876) are used for the pipes. All other parts like 
 
 
 
Fig. 4. Fluidized bed reactor system 
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the mesh, sealing plugs and sealing bolts are made of one material (1.4841), because the main stress, i.e. internal pressure of the 
working fluid and stresses induced by the fluidized bed is expected to take place at the tubing. 
Both reactors are equipped with in-bed cyclone separators to reduce the material loss due to entrainment. The cyclones are 
manufactured of high temperature steel (1.4845) and mounted on the gas outlet tube on the outside of the reactor on an air cooled 
flange, which is part of the quench units described in section 3.3. A dip leg is used to return the particles to the fluidized bed at 
the middle of the reactors and functions as a barometric type seal that prevents gas leakage from the reactor into the cyclone 
solids outlet to avoid a back flow associated loss of bed material. 
3.3. Peripheral equipment 
 The peripheral equipment is required 
in order to ensure an accurate and safe 
operation of the test facility. For this 
reason the main peripherals are describe 
below. 
 The primary air supply of the reactors 
is ensured by a rotary piston compressor 
(Fig. 6-1) with a distributer for the three 
primary air paths. Each path is equipped 
with a motorized control valve and a ring 
chamber orifice with pressure and 
temperature transducers to accurately 
measure and control the air flow to the 
reactors. The other components for 
mixing the synthetic flue gas, respective 
the addition CO2 fluidization of the 
calciner are measured and controlled via 
mass flow controllers or orifice plates 
with motorized valves and added right 
before the preheaters. 
Each of the paths has its own electrical 
air preheater (Fig. 6-2) to control the 
reactor temperatures individually. The 
preheaters, the piping and distribution 
system for the reactor nozzles are 
manufactured of high temperature 
resistant steel with expansion joints according to the requirements of the high temperatures. 
The flue gas of the reactors leaves the cyclones at high temperatures and a minor solid load. Thus a flue gas treatment is 
unavoidable. To reduce the size of the peripherals, special air-quench units (Fig. 6-3) were developed whereby gas coolers with a 
water cooling systems are not necessary for the facility. The quench units work in a way that the pressure at the flue gas outlet of 
the units is controlled by the induced draft fan (not shown in Fig. 6) to a constant value below atmospheric pressure. Hence, fresh 
air from outside is drawn through the quench air supply pipes (Fig 6-5) and mixed up inside the quench units with the flue gas to 
mixing temperatures below 250 °C. The air quench units are designed with an air-cooled jacket to prevent high temperatures of 
the outer casing. Furthermore the in-bed cyclone attachments of the heat pipe heat exchanger are cooled inside the quench units. 
After cooling the flue gases of the reactors, the streams are mixed in a main gas header (Fig. 6-4). The pressure level at the 
reactor outlets are controlled by high temperature dampers which are placed inside the quench units and the temperature of the 
flue gas is controlled by dampers in the quench air supply system. The quenched flue gas is drawn through a bag filter (not 
shown in Fig. 6), to remove the solid load, and the induced draft fan to be led into the stack (not shown in Fig. 6).  
To determine the efficiency of the carbon capture process the flue gas composition at the reactor outlets is analyzed via 
continuous gas measurement probes (Fig. 6-6). At carbonator and calciner the O2 and CO2 concentration and at the combustor 
O2, CO2, SO2 and CO concentration is measured.  
The coupling components are equipped with ports for solid probing of the sorbent (Fig. 6-7) to determine the condition of the 
carbonated respectively calcined material. The solid probing is constructed with a high temperature sluice system to meet the 
safety requirements for working with high temperature solids. 
Fig. 5. Setup of the heat pipe heat exchanger (calciner and combustor) 
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The limestone make-up is directly supplied into 
the carbonator by a loss-in-weight feeder (Fig. 6-
8) to maintain a controlled constant mass flow. 
The receiver tank of the feeder has a minimum 
buffer volume for at least 1 h continuous 
operation and is refillable without interrupting 
the dosing. The feeder is connected to the 
process via a high temperature ball valve and 
work at elevated reactor pressure. The sand 
make-up supply of the combustor is ensured by a 
receiver tank with a sluice system to compensate 
the material losses through the cyclone and 
maintain a constant pressure level in the reactor. 
The cooling of the carbonator is performed by 
means of three cooling lances (Fig. 6-9) that are 
directly situated in the bed of the reactor 
covering a height of 1.2 m. The pipes are 
manufactured from high temperature steel 
(1.4845). The heat production of the chemical 
reaction, 30…90 kWth accordingly to the 
operation parameters, can be removed directly at 
the source of production. An automatic water 
preparation system is providing decalcified 
water and a pump ensures a sufficient water flow 
through the lance coolers. The evaporated and 
superheated water is directed to a quench tank 
where it is dispersed in bubbles by a lance and 
quenched with cold water. The quench water 
itself is cooled via a dump cooling and 
recirculated to the quench tank. 
The test facility encloses over 150 sensors for 
pressure, temperature, flow and concentration 
measurement. The majority of sensors are 
equipped to the reactors at appropriate intervals 
over the entire height to determine the characteristics of each component and the performance of the test facility. The inlet gas 
flows and outlet gas concentrations of all components are measured to ensure that the CO2 balance can be closed and the CO2 
capture efficiency calculated. The pilot plant is fully automated and contains a variety of control loops and safety interlocks. The 
process control system including main components as CPU, distributed I/O systems, frequency converters and software PCS 7 is 
from Siemens AG. 
4. Erection of the 300 kWth indirectly heated carbonate looping pilot plant 
The erection of the pilot plant is mostly finalized. The main components such as constructional steelwork, reactor assembly, 
primary air systems with electrical preheaters and flue gas system with air quench units are already erected. Moreover the 
measuring equipment, the process control system, consisting of the control cabinets and server equipment, the cabling of all 
components and the peripherals as propane-, CO2- and compressed air supply are installed. First loop checks of the electrical 
cabling and cold commissioning are currently carried out. The first test campaign is scheduled for end of this year. 
5. Conclusion 
The innovative concept of the indirectly heated carbonate looping process with the major advantages compared to standard 
carbonate looping has been presented. The process yields higher plant efficiencies than any other CO2 capture technology 
currently under investigation. For the proof of concept a 300 kWth test facility was designed and erected at Technische 
Universität Darmstadt using heat pipes for the indirectly heating of the calciner. The test facility has a very compact design 
offering many innovative features in a sufficient scale to minimize wall effects and to enable autothermal operation of the system 
without electrical heating. The test unit will yield reliable information for full-scale plants and still implies reasonable investment 
and operating costs. 
 
 
 
Fig. 6. Setup of the indirectly heated carbonate looping test facility 
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